Hydrotalcite-like Fe-Ni-hydroxides [Ni2I/3Fe1 1 I/ I3(0H)2](C03)1/6(H20 )> ,, [Ni3/4Fe1 1 '/ l4(OH)2]-(C 0 3)1/8(H20 )y and [Ni3 //4IFe1 1 I/ '4(OH)2](CO3)0 14(H20)y as well as the ternary oxide NaNi2/3Fe1/30 2 have been studied by 57Fe-Mössbauer spectroscopy. All samples contain Fe3+ in a high spin state. The quadrupole interaction is smaller if a magnetic splitting is present, which may indicate a non-parallel arrangement of the principal axis of the EFG and the hyperfine field. The temperature dependence of the spectra has been understood in terms of collective cluster excitations. In this model the magnetic energy of a single domain depends on the direction of the total magnetic moment and on magnetic interaction with the neighbourhood. The spectral lineshape could be fitted assum ing uniaxial relaxation.
Introduction
Hydrotalcite-like compounds are analogous to the naturally occuring mineral [Mg3/4Al1/4(OH)2]-(C 03)1/8(H20 )), and widely used in catalysis, e.g. with aldol condensation [1] . Their ability to act as anion exchangers makes them valuable for studying topotactic solid state reactions [2, 3] . Derivatives con taining transition metal cations are of special interest because they are expected to undergo changes in the oxidation state without alteration of their matrix [4] . 57Fe Mössbauer spectroscopy is a powerful tool to determine the oxidation state of iron as well as to investigate the magnetic properties of the system. We have examined in particular the compounds [Ni2/3Fe1/3(0H)2](C03)1/6(H20)y,[Ni3/4Fe1/4(0H)2]-(C 03)x(H20)y and the ternary oxide NaNi2/3Fe1/30 2; the latter phase is used as starting material in the preparation of the first compound. Two samples of [Ni3/4Fe1/4(0H)2](C03)x(H20 )y were investigated, one contains divalent nickel only (x = l/8), and the other one in addition some remaining Ni3+ (x = 0.14). 
Experimental

Sample Preparation
The ternary oxide was prepared by heating a well ground stoichiometric mixture of the corresponding transition metal oxides (NiO and a-Fe20 3) with a 100% excess of Na20 2 for one day at 1000 K in a Pt crucible in a dry oxygen atmosphere [4] :
2 NiO + \ Fe20 3 -I-Na20 2 + \ Na20 -»3NaNi2/3Fe1/30 2.
A reduction in volume was observed when cooling the dark grey and brittle crystal powder. Excess Na20 2 was removed by washing with ethanol. A Guinier film was taken to characterize the ternary oxide. The monophasic product forms a layered Cdl2 type structure with hexagonal lattice parameters ( Table 1) . The structure consists of parallel aligned Na-and Ni/Fe-layers which are separated by sheets of oxygen. Na, Ni and Fe are coordinated by oxygen in the shape of a trigonally distorted octahedron. X-ray dif fraction gives no evidence of any ordering of iron and nickel within their layer, and hence a random distribu tion may be concluded [5] . The ternary oxide NaNi3/4Fe1/40 2 was obtained under similar condi tions.
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Electron microscopic studies reveal that the crystal lites of the starting materials have a diameter of 4 (j.m in fl-fe-direction and a thickness of 1 to 2 ^m in c-direction [4] . However, from the width of the X-ray diffraction 001-peak of the reduced phase one has to conclude that the thickness is only about 8 to 16 nm.
This can be understood in terms of a breaking up the larger crystallites into a mosaic like structure [5] .
Mössbauer Measurements
The 57Fe Mössbauer spectra were collected using a constant acceleration method with the 57Co/Rh source held at room temperature. The temperature of the absorber was adjusted between 4.2 K and 300 K. An acrylic glass container was used to achieve an absorber thickness of the powdered samples between 0.1 and 0.2 mg 57Fe/cm2. The velocity scale was cali brated with the spectrum of an a-Fe foil; all isomer shifts are reported relative to a-Fe at 300 K.
Results
NaNi2/3Fe1/30 2 was measured at temperatures be tween 4.2 K and 30 K (Figure 1 ). At 30 K the spec trum consists of a single doublet with a linewidth (jT= 0.45(1) mms_1) that is broadened compared to the natural linewidth of 57Fe ( r x 0.2 m m s '1). When lowering the temperature an onset of a magnetic split ting is observed. However the lines are asymmetrically broadened and do not show the 3:2:1 intensity ratio typical of iron even at 4.2 K. The spectra were fitted using the model of uniaxial relaxation [6] keeping the magnetic hyperfine field constant at the value ob tained at 4.2 K in order to get reasonable fits. Fitting parameters are presented in Table 2 .
Spectra of the hydrotalcite-like compounds (Figs. 2 to 4) show the same characteristics as the ternary oxide, a doublet at temperatures above 15 K and a gradually evolving magnetic splitting when the tem perature is lowered. [Ni3 //41 1 Fe, 1 I/ I4(OH)2](CO3)014-(H20), shows a second contribution ( « 30%) which is fitted using a static sextett. Tables 3 to 5 list the ob tained parameters.
Discussion
From the isomer shift < 5 and the quadrupole split ting AEq of NaNi2/3Fe1/30 2 at 30 K and those of the hydrotalcite-like compounds (Tables 2-5 ) it is con cluded that iron occurs as high-spin Fe3 + in all sam ples. The increased linewidth at all temperatures is probably due to a random occupation of the transi- < Fig. 1 . 57Fe Mössbauer spectra of NaNi2/3Fei/30 2 at temperatures between 4 K and 30 K. Solid curves correspond to simulations using the model of uniaxial relaxation. Rel. Abs. The temperature dependence of the lineshape is very similar to that found in a number of microcrys talline compounds like ferrihydrite (Fe5H O g • 4 H 20) [7] or goethite (a-FeOOH) [8] . In these cases the obser vations have been explained by magnetically interact ing single domain particles. Similar results have been obtained in numerous compounds where magnetic clusters are responsible for the observed effects, e.g. soliton bearing one-dimensional solids, metallic al loys, amorphous materials, magnetically ordered sub stances near Tc. See Rancourt [9] for a review. On the other hand, lineshapes similar to those observed in this study can also be explained in terms of a distribu tion of static hyperfine fields. For reasons stated later on we prefer in this experiment a relaxation model which is described as follows.
In isolated single domain particles the magnetic en ergy depends on the direction of the total magnetic moment, which is produced by a ferro-or antiferro magnetic interaction. In case of an uniaxial anisotropy the energy may be given by (Fig. 5, top) :
The anisotropy energy £ B is generally assumed to be proportional to the volume V of the microcrystal: Eb =KV, with the anisotropy constant K. The magne tization can exhibit thermally activated fluctuations between easy directions with 0 = 0 and 0 = n. This effect is called superparamagnetism [10] . In the high energy barrier approximation (KV/kT^> 1) the fluctu ation frequency is given by [11] 
where a=KV/kT. M s is the magnetic moment per unit volume and y0 the gyromagnetic ratio. The tran sition temperature at which the six-line spectrum col lapses into a doublet for a specific particle is called its blocking temperature TB.
A real sample will always show a distribution of particle volumes. Large particles with slow relaxation exhibit a common six line pattern. Small particles pro duce the doublet spectrum due to fast relaxation. Only an insignificant third portion will have relaxation fre quencies which lie in the Mössbauer time window.
The spectrum may thus be described by a superposi tion of a sextet and a doublet spectrum, whose relative intensities depend on temperature.
Introducing a magnetic interaction between the particles, which can be represented by a reduced effec tive field h = M SVH/2EB = M SH/2K, we get differ ent probabilities for the magnetization to direct along one of the easy directions (Fig. 5, bottom) :
In the uniaxial case we now have two distinct relax ation frequencies not independent because of thermal equilibrium. In the low temperature limit (a 1) these frequencies are given by the approximation [12] 
/ ± = T T T i l * ''2( l -Ä 2)(l± 'O e x p [-c ((l± A ):I].
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At sufficiently low temperatures the fluctuation of the magnetization is fixed in either direction during the Mössbauer measurement time and we obtain a single six line spectrum. Likewise, at high temperatures (T>Tb) the large and alike relaxation frequencies re sult in a complete collapsing of the magnetic hyperfine splitting, i.e. a doublet spectrum is seen. If a intermedi ate temperatures the relaxation frequencies lie within the Mössbauer window, transitional-type spectra come up which are most sensitive to unequal relax ation frequencies. This effect is called superferromag netism [11] if we deal with aggregates of small mag netic particles. Similar formula apply to strongly interacting magnetic clusters with sizes smaller than the particle dimensions.
We have used the model of Dattagupta [6] and van der Woude et al. [13] to calculate the lineshapes. The effect of unequal transition probabilities is expressed by an ordering parameter = 0 means that both states have equal occupation probabilities, £ = 1 implies that only the state with the lower energy is occupied. It is convenient to define as second parameter the relaxation frequency / = /+ + /-• Using the above model we get reasonable fits for NaNi2/3Fe1/30 2 if we take the magnetic hyperfine splitting of | Bhf I = 55 T determined at 4.2 K as a fixed parameter at temperatures from 6 K to 20 K ( Table 2) . The fits reflect correctly the relative intensities of the lines and the transition from a sextet to a doublet spectrum. However the calculated lineshapes deviate from the measured ones in that the outer wings are flatter and the inner wings are steeper. This, in con junction with the increased linewidth (r=0.74 m m s '1) as compared to the 30 K spectrum (r = 0.45 m m s '1), can be understood in terms of a distribution of particle or cluster volumes and consequently a dis tribution of relaxation frequencies. In order to repro duce the measured lineshapes the fitting routine will underestimate £ and overestimate /. The blocking temperature of TB = 22 K is very small compared with that of typical superferromagnetic samples (e.g. goethite with TB = 320 K [8] ). This can be due to a very small average particle size. However, recent investiga tions of the isostructural a-NaFe02 [14] reveal corre sponding lineshapes just below its ordering tempera ture TN = 11 K.
It should be stated that one cannot completely rule out a distribution of hyperfine fields as an alternative explanation for the observed effects. E.g., chemical disorder may lead to static spectra with a broad distri bution of |ßHF| hence producing lineshapes very simi lar to those obtained from relaxation. However, since the spectra of a-NaFe02 near its ordering tempera ture are well described by a relaxation model that takes into account the magnetic structure and cannot be fitted reasonable by a distribution of hyperfine fields, we prefer to explain the spectra of NaNi2/3Fe1/30 2 as dominated by relaxation effects. These are caused by the presence of cluster excitations.
The results for the three hydrotalcite-like com pounds are very similar to those of NaNi2/3Fe1/30 2, where we obtained hyperfine splitting of 53 (2) T at 4.2 K and blocking temperatures of TB st 14 K, TB «15 K and TB« 1 0 K respectively. Again the line widths are noticeably broadened when a magnetic splitting is present, indicating a distribution of relax ation frequencies. Moreover the second spectral con tribution of the black hydrotalcite-like sample may be due to a second phase formed by decomposition. Tak ing into account the 5 » 51 T and the high ordering temperature compared to other compounds, this may be assigned to an iron oxyhydroxide.
